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Naturally occurring Foxp3�CD4�CD25� T cells (nTregs) isolated
from lungs of naive mice regulate allergic airway hyperrespon-
siveness (AHR) and inflammation. Here, we demonstrate the crit-
ical requirement for engagement of MHC class I on CD4�CD25� T
cells by CD8 for the functional activation of these nTregs. Suppres-
sion of allergen-induced AHR and inflammation by nTregs was
abolished in mice treated with anti-CD8. Correspondingly, de-
creased levels of IL-10 and TGF-� and increased levels of Th2
cytokines in bronchoalveolar lavage were detected in these treated
mice. Similarly, nTregs isolated from �2m�/� mice or from mice
treated with anti-MHC I antibody in vitro before intratracheal
transfer failed to modulate AHR or inflammation. Coculture of
nTregs with CD8� T cells increased IL-10 and TGF-�. Addition of
anti-MHC I or anti-CD8 reduced IL-10 and TGF-�. These results
demonstrate that functional activation of nTregs requires the
interaction between MHC I on CD4�CD25� T cells and CD8.

IL-10 � TGF-� � airway reactivity

CD4� T cells can be subdivided on the basis of their ability to
modulate inflammatory responses through production and

release of certain cytokines. One subset, with constitutive expres-
sion of the low-affinity IL-2 receptor �-chain, CD25 (1), has been
shown to play prominent roles in dictating the outcome of several
diseases (2–11). Th2-like CD4� T cells producing IL-4, IL-5, and
IL-13 play a central role in the pathogenesis of asthma (12–14).
Increased airway hyperresponsiveness (AHR) and inflammation,
Th2 cytokines, goblet cell metaplasia, excessive mucus production,
elevated antigen-specific IgE, and structural changes in the airways
are characteristic of allergic asthma. These changes can be pre-
vented by depletion of CD4� cells (15, 16) or by inhibition and/or
alteration of their activities (17, 18). There is increasing evidence for
the pivotal role of a subset of CD4�CD25� T cells in regulating the
development and outcome of atopic allergic diseases in animals (9,
19) and humans (20).

The regulatory T cells (Tregs) encompass different subsets that
are capable of suppressing cellular immune functions (1, 21–23).
CD4�CD25� T cells, in both humans and mice, comprise a small
fraction (5–10%) (1) of CD4� T cells produced in the thymus
(24–26). They are anergic (27, 28) and express CTLA-4 (CD152)
(29), glucocorticoid-induced TNF receptor (30), and the transcrip-
tion factor Foxp3, which appears to be specific for CD4�CD25�

regulatory T cells (25, 26). They have been shown to suppress
allergen-driven T cell activation (9, 31, 32) and regulate Th2
immune responses in humans (33) and animals (34, 35) and
modulate both T cell activation and Th2 cytokine skewing (9). Their
suppressive activity both in vitro and in vivo appears to be mediated
by several mechanisms depending on the model used and includes
cell-to-cell contact (27, 36, 37) and the release of IL-10 (9, 38) and
TGF-� (9, 39, 40). A possible mechanism of suppression in humans
is the cytolytic activity of CD4�CD25� regulatory T cells that are
granzyme- and perforin-mediated (41).

Although the regulatory profiles of CD4�CD25� T cells have
been described in mouse models of allergen-induced AHR and
airway inflammation (9, 34, 35), the mechanisms that direct the
functional activation of these regulatory activities have not been

well defined. In the present study, we investigated the role of MHC
I on naturally occurring CD4�CD25� regulatory T cells (nTregs)
and the requirement for interaction with CD8 in the lung and show
that interactions between MHC I and CD8 are essential for the
expression of the immunoregulatory properties of nTregs on lung
allergic responses.

Results
CD4�CD25� T Cells Suppress AHR and Inflammation Mediated by
Primed CD8� T Cells. As shown in ref. 43, after sensitization and
airway challenge, CD8�/� mice developed significantly lower AHR
(Fig. 1A) and significantly reduced airway eosinophilia (Fig. 1D),
bronchoalveolar lavage (BAL) Th2 cytokine levels (Fig. 1E), and
goblet cell metaplasia (Fig. 1F) when compared with sensitized and
challenged WT mice. Adoptive transfer of allergen-primed CD8�

T cells (but not naive CD8� T cells; data not shown), isolated by
either negative or positive selection, into sensitized CD8�/� recip-
ient mice restored full AHR after airway allergen challenge (Fig.
1B), airway eosinophilia (Fig. 1D), BAL IL-5 and IL-13 cytokine
levels (Fig. 1E), and goblet cell metaplasia (Fig. 1F) to a similar
extent as seen in sensitized and challenged WT mice.

Similar to the suppressive effects of nTregs on allergen-induced
airway responses in WT mice, intratracheal administration of
nTregs into (negatively selected) CD8� T cell-reconstituted
CD8�/� mice before airway allergen challenge also suppressed the
development of CD8 T cell-mediated AHR (Fig. 1C) and attenu-
ated airway eosinophilia (Fig. 1D), IL-5 and IL-13 cytokine levels
(Fig. 1E), and goblet cell metaplasia (Fig. 1F). Associated with this
suppression, BAL levels of IL-10 and TGF-� were significantly
increased in these mice (Fig. 1E). The low levels of IL-4 and IFN-�
levels were little changed [supporting information (SI) Fig. 6].
Serum levels of total IgE and allergen-specific IgE, IgG1, IgG2a,
and IgG2b antibodies were unchanged in all experiments after
intratracheal transfer of nTregs (data not shown). Most surpris-
ingly, the suppression of CD8 T cell-mediated airway responses was
only seen in the CD8�/� recipients reconstituted with negatively
selected, but not positively selected, CD8� T cells (Fig. 1 C–F). As
determined by flow cytometry, analysis of BAL CD8 T cell
numbers after adoptive transfer revealed no CD8� T cells in the
recipients of positively selected CD8 T cells, contrasting with the
numbers detected in BAL of WT mice or CD8�/� recipients
reconstituted with negatively selected CD8 T cells (SI Fig. 7). These
findings suggested that, after challenge of sensitized recipients,
transferred CD8� T cells migrated and accumulated in the lung. On
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the basis of their ability to reconstitute the CD8�/� mice, we
presume that the failure to detect positively selected CD8� T cells
in the lung was because of the masking of CD8 by the anti-CD8-
coated microbeads.

Anti-CD8 Attenuates the Regulatory Activity of nTregs. To confirm
the importance of CD8 in nTreg activity, we investigated the

consequences of intratracheal administration of anti-CD8� before
and immediately after the transfer of nTregs. Intratracheal admin-
istration of PBS, control antibody, or anti-CD8� alone to sensitized
WT mice before allergen challenge did not alter the development
of AHR (Fig. 2A) or airway eosinophilia (SI Fig. 8). However, the
suppression of AHR and airway eosinophilia by nTregs was only
demonstrated in mice that received control antibody but not the
CD8� (or anti-CD8�; data not shown) antibody. In parallel, levels
of IL-4, IL-5, and IL-13 were significantly (P � 0.05) increased, and
levels of IL-10 and IFN-� were significantly (P � 0.05) decreased,
in the BAL fluids of sensitized and challenged mice given PBS,
control antibody, or anti-CD8� (Fig. 2B). Intratracheal transfer of
nTregs after administration of control antibody resulted in a
significant reduction in levels of IL-4, IL-5, and IL-13 and in
increases in levels of IL-10 and TGF-� in the BAL fluid of
sensitized and challenged mice. These effects were abolished if the
mice were treated with anti-CD8� before transfer of nTregs.

Anti-MHC I Inhibits the Regulatory Activity of nTregs. On the basis of
the demonstration of the role of CD8 in the induction of nTreg

Fig. 1. Effect of transfer of CD4�CD25� T cells into sensitized and challenged
CD8�/� recipients of positively or negatively selected CD8� T cells. Sensitized
CD8�/� mice received CD8� T cells and CD4�CD25� T cells before challenge.
(A–C) AHR. (D) BAL eosinophil numbers. (E) BAL cytokine levels. (F) Numbers
of PAS� cells. Shown are the mean � SEM from three independent experi-
ments (n � 12). (A–C) *, P � 0.05, indicates significant differences between
indicated groups. (D) *, P � 0.05; #, P � 0.01, indicates comparison of sensitized
and challenged mice with challenged-alone mice and comparison of CD8�-
reconstituted recipients with CD8�/� mice; †, indicates comparison of WT and
recipients of negatively selected CD8� T cells that received CD4�CD25� T cells
with those that received positively selected CD8� T cells. (E) *, P � 0.05 or #, P �
0.01, indicates comparison of sensitized and challenged mice with challenged-
alone mice and comparison of CD8�-reconstituted recipients with CD8�/�

mice. #, P � 0.05, indicates comparison of recipients of CD8� T cells with CD8�/�

mice. †, P � 0.05, indicates comparison of WT and recipients of negatively
selected T cells with recipients of positively selected CD8� T cells. (F) **, P �
0.01; *, P � 0.05, indicates comparison of sensitized and challenged with
challenged-alone mice; #, P � 0.01, indicates comparison of recipients of CD8�

T cells with CD8�/� mice; †, P � 0.05, indicates comparison of recipients of
CD4�CD25� T cells with nontransferred recipients.

Fig. 2. Effect of anti-CD8 on CD4�CD25� regulatory function. Sensitized WT
mice were treated with anti-CD8 before and immediately after transfer of
CD4�CD25� nTregs. (A) AHR to inhaled methacholine was monitored. (B) BAL
cytokine levels. Results are shown as mean � SEM from three independent
experiments (n � 12). *, P � 0.05; #, P � 0.01, indicates comparison of
treatment with control antibody (rat IgG) to treatment with anti-CD8 in
recipients of CD4�CD25� T cells.
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activities, we investigated the effects of in vitro treatment of lung
nTregs with anti-MHC I before adoptive transfer into sensitized
and challenged WT recipient mice. To control for the ability of host
natural killer (NK) cells to eliminate cells lacking expression of
MHC class I molecules (43, 44), we first depleted NK cells (to
�0.1% in spleens) in recipient mice. After NK cell depletion,
sensitized and challenged WT mice retained the ability to develop
significant increases in AHR (Fig. 3A), airway eosinophilia (SI Fig.
9), and BAL Th2 cytokine levels (IL-5, IL-13) (Fig. 3B), similar to
mice treated with control antibody.

A large proportion (�90%) of CD4�CD25� nTregs stained
positively with anti-MHC I antibody and were Foxp3� (SI Fig. 10).
In vitro, treatment of isolated nTregs with anti-MHC I before
intratracheal transfer into sensitized and challenged recipient mice
depleted of NK cells prevented suppression of AHR (Fig. 3A) or
airway eosinophilia (SI Fig. 9). Similar results were obtained after
transfer of nTregs pretreated with anti-MHC I into recipients that
were not treated with the NK antibody. In contrast, untreated

nTregs significantly suppressed AHR and eosinophilia in sensitized
and challenged WT recipient mice.

Unlike recipients of untreated nTregs, anti-MHC I-treated
nTregs failed to reduce the levels of IL-5 or IL-13 or increase the
levels of IL-10 and TGF-� in BAL fluid (Fig. 3B). IFN-� levels were
little changed. The results of anti-MHC I treatment were similar in
NK-depleted and nondepleted recipients.

MHC I-Deficient nTregs Fail to Regulate Allergic AHR and Airway
Inflammation. To confirm the results observed with anti-MHC I
antibody, we investigated the activity of nTregs isolated from mice
lacking the �2m gene (�2m�/�) that fail to express MHC I antigens
on the cell surface. When compared with lung nTregs from WT
mice, lung nTregs from naive �2m�/� mice failed to suppress
allergen-induced AHR (Fig. 4A) or airway eosinophilia (Fig. 4B) in
sensitized and challenged, NK-depleted (anti-NK) or nondepleted
(control antibody) WT recipient mice.

Transfer of WT nTregs reduced the levels of IL-4, IL-5, and IL-13
in the BAL fluid of sensitized and challenged WT mice; this was
also associated with significant increases in IL-10 and TGF-� levels
(Fig. 4C). By contrast, transfer of nTregs from �2m�/� mice failed
to reduce the levels of IL-4, IL-5, or IL-13 or to increase the levels
of IL-10 or TGF-� in NK-depleted or nondepleted WT mice.

Blockade of CD8 or MHC I Inhibits IL-10 and TGF-� Production in
Cocultures of nTregs with CD8� T Cells. When cultured individually,
lung nTregs, but not naive CD8� T cells, produced significant
amounts of IL-10 and TGF-� (Fig. 5). Coculture of nTregs with
naive CD8� T cells increased the levels of IL-10 and TGF-�
compared with cultures of nTregs alone. The addition of CD8�/�

T cells to cultures of CD4�CD25� T cells did not alter cytokine
levels (data not shown). When nTregs were separated by a cell-
impermeable membrane, the presence of CD8� T cells on the other
side of the membrane did not influence the production of IL-10 or
TGF-� by nTregs (data not shown), suggesting that cell-cell contact
is critical to the effect of CD8 on nTregs. When the numbers of
naive CD8� T cells were increased while keeping the number of
CD4�CD25� cells constant, the levels of IL-10 and TGF-� further
increased. The addition of anti-CD8� (or anti-CD8�; data not
shown) or anti-MHC I antibody to the cocultures prevented the
increases in IL-10 and TGF-� production.

Discussion
The suppressive role of naturally occurring lung CD4�CD25� T
cells (nTregs) on lung allergic responses is complex, as indicated by
somewhat inconsistent and oftentimes contradictory results re-
ported by various investigators (9, 32, 35). In this study, we
demonstrate the requirements for activation of naturally occurring
lung Foxp3�CD4�CD25� T cells resulting in the suppression of
allergen-induced AHR and inflammation. Both in vitro and in vivo,
inhibition or interference with the interaction/engagement of MHC
class I on naturally occurring CD4�CD25� T cells with CD8 was
shown to effectively prevent the expression of Treg activity.

Despite sensitization and challenge with allergen, CD8�/� mice,
unlike WT (C57BL/6) mice, failed to develop significant AHR and
inflammation. Consistent with our previous report (42), adoptive
transfer of either negatively or positively selected allergen-primed
(but not naive) CD8� T cells fully restored AHR and inflammation.
When BAL cells were analyzed by FACS, significant numbers of
CD8� T cells were detected in the lungs of sensitized and chal-
lenged WT and CD8�/� mice given allergen-primed, but not naive
CD8� T cells (data not shown), suggesting that only primed CD8�

T cells were being recruited into the airways. However, few
positively selected, primed CD8� T cells could be identified in the
airways, presumably because the microbead antibody remained
bound on the CD8 cells blocking staining, but not their function,
because positively selected CD8� T cells could restore AHR and

Fig. 3. Effect of anti-MHC treatment on nTreg activity. Isolated lung
CD4�CD25� T cells were treated with anti-MHC before transfer into WT
recipients, and AHR to methacholine (A) and BAL cytokine levels (B) were
determined. In some cases, recipient mice were first treated with anti-NK to
deplete NK cells. Results are shown as mean � SEM from three independent
experiments (n � 12). *, P � 0.05; #, P � 0.01, indicates comparison of results
in WT mice receiving CD4�CD25� T cells and treated with anti-MHC, anti-NK,
or control antibody.
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inflammation in the CD8�/� recipients to the same degree as the
negatively selected cells.

Previously, we demonstrated that intratracheal transfer of nat-
urally occurring Foxp3�CD4�CD25� lung T cells (nTregs) sup-
pressed AHR and inflammation by increasing levels of IL-10 and
TGF-� and concomitantly decreasing levels of IL-4, IL-5, and IL-13
in sensitized and challenged BALB/c or C57BL/6 mice (9). Indeed,
inhibition of TGF-� attenuated the suppressive activities, and IL-10
was deemed essential to the nTreg production of TGF-� (9). Similar
to the effects in WT recipient mice, transfer of nTregs decreased
AHR, inflammation, and levels of IL-4, IL-5, and IL-13 and
increased levels of IL-10 and TGF-� in sensitized and challenged

CD8�/� mice reconstituted with negatively selected, primed CD8�

T cells. In contrast, in the mice reconstituted with positively
selected, primed CD8� T cells, nTregs exerted little regulatory
activity. Coupled with the absence of regulation of airway function
and lung inflammation, low levels of IL-10 and TGF-� and high
levels of IL-4, IL-5, and IL-13 were detected in the BAL of
recipients of positively selected CD8 cells. Together, these results
suggest a critical requirement for the interaction of nTregs with
CD8 in the induction of nTreg activities.

To confirm this presumed importance for CD8 expression or
accessibility in the functional activation of nTregs, we investigated
the effects of anti-CD8 delivered intratracheally before and imme-
diately after the transfer of nTregs in sensitized and challenged WT
mice. Instillation of control antibody or anti-CD8 alone did little to
alter responses in sensitized and challenged mice. Significant down-
regulation of AHR and inflammation, associated with increases in
BAL levels of IL-10 and TGF-� and decreases in IL-4, IL-5, and
IL-13 levels, was observed in recipient mice given the control
antibody before transfer of nTregs. However, adoptive transfer of
nTregs into sensitized and challenged mice that received anti-CD8
failed to suppress AHR and inflammation; there were few to no
increases in BAL levels of IL-10 and TGF-� or decreases in IL-4,
IL-5, and IL-13 levels. These data further demonstrate the impor-
tance of CD8 in triggering nTreg activity.

Interactions between CD8 and MHC I are well characterized (45,
46), and the expression of MHC I on cell surfaces has been shown
to be essential for the development and survival of CD4� and CD8�

T cells (47–49). Based on the data with CD8 blockade, we posit that
expression of MHC I on the Tregs may also be necessary for the
induction of regulatory activities. More than 90% of CD4�CD25�

T cells expressed MHC I and Foxp3. Because NK cells are reported
to efficiently remove any cells lacking MHC I on the cell surface (43,
44), sensitized recipient mice were first depleted of NK cells before
the intratracheal transfer of nTregs treated with the MHC I
antibody. In sensitized and challenged mice shown to be depleted
of NK cells, transfer of anti-MHC I-treated Tregs failed to down-
regulate AHR or inflammation or increase levels of IL-10 or

Fig. 4. CD4�CD25� T cells isolated from �2m�/� mice fail to regulate lung allergic responses. Isolated lung nTregs from WT or B2m�/� mice were adoptively
transferred into sensitized WT recipient mice before challenge. In some cases, WT recipient mice were also depleted of NK cells. (A) AHR. (B) BAL cell composition.
(C) IL and TGF-� levels. Results represent mean � SEM from three independent experiments (n � 12). *, P � 0.05; #, P � 0.01, indicates comparison of results of
transfer of WT or �2m�/� mice depleted or not depleted of NK cells.

Fig. 5. Effect of anti-CD8 or anti-MHC on nTreg cytokine production in vitro.
WT nTregs and CD8� T cells were isolated as described in Methods. CD8� T cells
(0.5–1.0�106)andnTregs (0.5�106)wereculturedaloneortogetheratdifferent
ratios (1:1, 2:1) and in the presence of rat IgG, anti-MHC, or anti-CD8. After 24 h,
culture supernates were collected and assayed for IL-10 and TGF-� content.
Results of three experiments (mean � SEM) carried out in triplicate are shown. *,
P � 0.05, indicates comparison of cultures of nTregs to CD8� T cells; **, P � 0.01,
indicates comparison of cocultures of nTregs and CD8� T cells; †, P � 0.05,
indicates comparison of cultures at different ratios; #, P � 0.01, indicates com-
parison of cultures containing anti-MHC or anti-CD8 to rat IgG.
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TGF-�, presumably because the interaction between MHC I on
nTregs and CD8 in the airways of recipient mice was prevented.
This effect was independent of the depletion of NK cells because
sensitized and challenged mice given control antibody before
intratracheal transfer of anti-MHC I-treated Tregs also exhibited
little suppressive activity.

The role of MHC I in the suppressive activity of Tregs was further
examined in �2-microglobulin-deficient (�2m�/�) mice. Similar to
the described effects of the in vitro treatment of Tregs with
anti-MHC I, nTregs isolated from naive �2m�/� mice failed to
reduce AHR or airway inflammation in both sensitized and chal-
lenged WT recipient mice whether or not they were depleted of NK
cells. As with all other experiments, the absence of Treg activity
from �2m�/� nTregs was associated with low levels of BAL IL-10
and TGF-� and increased levels of Th2 cytokines. These data
identify a direct association between the regulatory activities of
nTregs and the requirements (interaction between) for MHC I and
CD8 expression. Any disruption of this interaction by either block-
ing or eliminating expression of MHC I on the Tregs or eliminating
or blocking expression/accessibility of CD8 resulted in abrogation
of suppressive activities by lung nTregs. Collectively, the data
identify an in vivo mechanism for activation of nTregs, triggering the
suppression of allergen-induced AHR and inflammation in the lung
through the up-regulation of BAL levels of IL-10 and TGF-� and
down-regulating release of IL-4, IL-5, and IL-13.

This apparent critical requirement for interaction between CD8
and MHC I on nTregs in the induction of regulatory activity was
further defined by analyzing the effect of coculture of isolated
CD8� T cells (with �99% purity) and nTregs (with �95% purity)
in both single-chamber and two-chamber experiments in the pres-
ence of anti-CD8 or anti-MHC I in vitro. Isolated nTregs alone,
unlike naive CD8� T cells, produced and released significant
amounts of IL-10 and TGF-� in medium alone. When CD8� T cells
were cocultured together in close proximity in the same wells with
nTregs, the levels of IL-10 and TGF-� increased significantly above
the basal levels, and these levels were further enhanced by increas-
ing (doubling) the number of CD8� T cells. If the CD8 T cells were
separated from the Tregs by a cell-impermeable membrane, no
increases were seen, confirming the need for direct cell–cell con-
tact. However, when either anti-CD8 or anti-MHC I was added to
the chamber containing CD8� T cells and nTregs, this resulted in
significantly lower levels of IL-10 and TGF-�, consistent with the in
vivo attenuation of suppression by nTregs when interactions be-
tween MHC I and CD8 were interrupted by blocking antibody or
genetic manipulation of the mice.

These in vitro and in vivo data demonstrate a mechanism for
activating nTreg activity, one which involves the interaction of
MHC I on lung nTregs and CD8 on T cells (or possibly other cells
in the lung, e.g., dendritic cells). Activation of these naturally
occurring CD4�CD25� lung T cells effectively reduces AHR,
eosinophilic lung inflammation, Th2 cytokine production, and
goblet cell metaplasia, likely through the up-regulation of IL-10 and
TGF-� (9). Controlling the activation of this subset of Tregs offers
a previously unrecognized therapeutic approach to the treatment of
lung allergic diseases.

Methods
Animals. Pathogen-free, 8- to 10-week-old female C57BL/6 mice
were obtained from The Jackson Laboratory (Bar Harbor, ME),
and �2m�/� and CD8��/� mice were provided by Philippa Mar-
rack. All mice were maintained on an ovalbumin (OVA)-free diet.
All protocols were approved by the Institutional Animal Care and
Use Committee at the National Jewish Medical and Research
Center.

Sensitization. Sensitization was carried out by i.p injection of 20 �g
of OVA (Grade V; Sigma Aldrich, St. Louis, MO) emulsified in
2.25 mg of alum hydroxide (AlumImject; Pierce, Rockford, IL) in

a total volume of 100 �l on days 1 and 14. Sensitized and naive
littermates received aerosol challenges for 20 min each day on 3
consecutive days (days 26, 27, and 28) with 1% OVA in PBS by
using an ultrasonic nebulizer (Omron, Vernon Hills, IL) (9).

Cell Preparation and Culture. CD4�CD25� Tregs from naive donors
were isolated by collagenase digestion from lungs and enriched
using nylon wool columns as described in ref. 9. Lymphocytes were
further purified by CD4�CD25� Treg magnetic-activated cell sort-
ing beads (Miltenyi Biotec, Bergisch-Gladbach, Germany), result-
ing in a purity of �95% CD4�CD25� T cells.

Naive- and OVA-primed CD8� T cells were isolated from
spleens with magnetic-activated cell sorting beads by either negative
or positive selection, providing 97% and 99% CD8� T cells,
respectively. For negative selection, CD8� T cells were enriched
from isolated spleen mononuclear cells by using the mouse CD8�

T cell isolation kit, and for positive selection of CD8� T cells, CD8�
(Ly-2) microbeads were used (Miltenyi Biotec).

In some adoptive transfer experiments, CD4�CD25� T cells
were treated with anti-MHC I (200 mg/ml, 28–8-6; BD Biosciences
Pharmingen, San Diego, CA) in vitro for 1 h and washed twice with
PBS before transfer.

In Vitro Analysis and Treatment. Isolated CD4�CD25� T cells were
cultured alone or in combination with naive CD8� T cells at
different cell ratios in complete medium, containing control anti-
body, anti-CD8� that reacts with the 38-kDa and 34-kDa a chains
of the CD8 antigen (Ly-2 or Lyt-2) of all mouse strains, or
anti-CD8� that reacts with the b chain (Ly-3.2 or Lyt-3.2) of most
mouse strains (200 �g/ml) (53–6.7 or 53–5.8; American Type
Culture Collection, Manassas, VA), or anti-MHC I. There were no
differences observed when either anti-CD8� or anti-CD8� was
used. Transwell permeable inserts were obtained from Corning
(Corning, NY). Supernatants were collected 24 h later, and levels
of IL-10 and TGF-� were quantitated by ELISA.

Adoptive Transfer. Recipient mice received 5 � 105 isolated lung
CD4�CD25� T cells intratracheally in 50 �l of PBS before allergen
challenge. Naive or primed CD8� T cells (5 � 106 in 200 ml of PBS)
were injected intravenously before the intratracheal instillation of
CD4�CD25� T cells.

Antibodies. mAb from the culture supernates of the IgG-producing
hybridomas PK136 (anti-mouse NK), 53–6.7 (anti-CD8�), and
53–5.8 (anti-CD8�) were purified by protein G chromatography.
Anti-mouse NK (600 �g) was injected i.v. before allergen challenge,
and anti-mouse CD8 (50 �g) was administered by microspray
intratracheally using a microsprayer (Penn-Century, Philadelphia,
PA) before and immediately after intratracheal transfer of
CD4�CD25� T cells. There were no differences observed when
either anti-CD8� or anti-CD8� was used.

Measurement of Airway Responsiveness. Airway responsiveness
(lung resistance), 48 h after the last challenge, was assessed as a
change in airway function to increasing concentrations of aerosol-
ized methacholine (9).

BAL. Immediately after measurement of AHR, lungs were lavaged
(1 � 1 ml, 37°C). Total leukocyte numbers were counted, and
differential cell counts were performed (Coulter Counter; Coulter,
Hialeah, FL).

Determination of Serum Antibody Titers by ELISA. Serum levels of
total IgE, OVA-specific IgE, IgG1, IgG2a, and IgG2b were mea-
sured by ELISA as described in ref. 9. Total IgE levels were
calculated by comparison with known mouse IgE standards (BD
Biosciences Pharmingen).
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Measurement of Cytokine Levels. Cytokine levels in the BAL fluid
and supernatants of in vitro cultured lung cells were measured by
ELISA [IL-4, IL-5, IL-10, IFN-�, and TGF-� (BD Biosciences
Pharmingen); IL-13 kits (R & D Systems, Minneapolis, MN)].
ELISAs were performed according to the manufacturers’ direc-
tions. The limits of detection were 4 pg/ml for IL-4 and IL-5, 10
pg/ml for IL-10 and IFN-�, 8 pg/ml for IL-13, and 6 pg/ml for
TGF-�.

FACS Analysis. Enriched lung and BAL cells, after preincubation
with naive mouse serum in staining buffer (PBS/2% FCS/ 0.2%
sodium azide), were labeled with the following conjugated
antibodies purchased from BD Biosciences Pharmingen: anti-
CD3 FITC, PE, PerCP, APC (17A2); anti-CD4 FITC, PE,
PerCP, APC (L3T4); anti-CD25 FITC (7D4), PE (PC61); anti-
CD8� FITC, PE, PerCP (53–6.7); anti-CD122 PE (TM-�1);
anti-panNK FITC (DX5), and anti-H-2kb FITC, PE. For intra-
cellular staining, cells were stimulated with phorbol 12-myristate
13-acetate (100 ng/ml) and ionomycin (2 mg/ml; Sigma-Aldrich,
St. Louis, MO) in complete medium overnight and for 6 h in the
presence of brefeldin A (10 mg/ml; Sigma-Aldrich). Cells were
fixed with 4% formaldehyde in PBS, permeabilized in 0.5%
saponin, and stained with anti-IL-10 PE, APC (JES5–16E3);
IFN-� PE, APC (XMG1.2); Foxp3 PE and TGF-� (A75–3.1)
(eBioscience, San Diego, CA). Fluorochrome (FITC, PE, Per-
CPAPC)-labeled, isotype-matched control antibodies were used
for background fluorescence staining. Staining was analyzed on

a FACSCalibur flow cytometry system (BD Pharmingen, San
Jose, CA) by using CellQuest Pro software. Fluorescence inten-
sity was compared with cells stained with corresponding labeled
isotype-matched controls.

Histochemistry. Lungs were fixed by inflation (1 ml) and immersion
in 10% formalin. Cells containing eosinophilic major basic protein
were identified by immunohistochemical staining using a rabbit
anti–mouse major basic protein (provided by J. J. Lee, Mayo Clinic,
Scottsdale, AZ). The slides were examined with an Olympus
(Melville, NY) BX40 light microscope. Images were captured with
a QColor3 digital camera (QImaging, Burnaby, Canada) and
transferred to a computer for analysis. Numbers of peribronchial
tissue eosinophils were counted in six to eight different fields per
animal in a blinded fashion. Mucus-containing goblet cells were
detected by periodic acid/Schiff reagent staining and quantitated as
described in ref. 43.

Statistical Analysis. ANOVA was used to determine statistical
significance. Comparisons for all pairs were performed by the
Tukey–Kramer highest significant difference test. The P values for
significance were set to 0.05. Values for all measurements were
expressed as the mean � SEM.
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